As patients with prostate cancer have a long life expectancy, there is increasing interest in predicting the risk of development of a second primary cancer (SPC), and we therefore designed this study to estimate the overall risk of developing SPCs among Korean prostate cancer patients. We used a population-based cohort from the Korean Central Cancer Registry composed of 55,378 men diagnosed with a first primary prostate cancer between 1993 and 2011. Standardized incidence ratios (SIRs) of SPCs were analyzed by age at diagnosis, latency period, period of diagnosis, and type of initial treatment. Survival analysis was stratified by development of SPC. Men with primary prostate cancer had an overall lower risk of developing an SPC [SIR = 0.75; 95% CI, 0.72−0.78], which was significant for SPCs of the esophagus, stomach, rectum, liver, gallbladder, bile duct, pancreas, larynx, lung, and bronchus. In contrast, there were significant increases in the risk of bladder and thyroid cancers, which tended to decrease after longer follow-up. Patients who received initial radiation therapy had an increased risk of subsequent rectal cancer, although this was still lower than that of the general male population. Other urinary tract cancers including those of the kidney, renal pelvis, and ureter tended to be associated with a higher risk of developing an SPC, but this difference did not reach statistical significance. The patients with prostate cancer and SPC had lower overall survival rates than those with one primary prostate cancer. Our findings suggest that men with prostate cancer have a 25% lower risk of developing an SPC in Korea, but a higher risk of developing subsequent bladder and thyroid cancers, which suggests the need for continued cancer surveillance among prostate cancer survivors.
Introduction
In the United States, prostate cancer is currently the most common malignancy among men [1] . It is generally believed that the incidence of prostate cancer is lower in Asian countries [2] , although in Korea its incidence is rapidly increasing compared to other cancers (12.3% annual increase) [3, 4] . Based on the recent report of the Korean Central Cancer Registry (KCCR), 8 ,952 new cases of prostate cancer were diagnosed in 2011 with an incidence of 27.4 per 100,000 men [3] . Moreover, incidental detection of prostate cancer is common in cystectomy specimens among patients with bladder cancer [5] .
Due to the widespread adoption of the prostate-specific antigen (PSA) test, the majority of prostate cancers are diagnosed at an early stage. In Korea, this has led to an increase in survival of men diagnosed with prostate cancer. In fact, according to the current (2007−2011) estimate, five-year relative survival is now 92.0%, compared to 80.1% in prior years (2001−2005) [3] . As a consequence, although the life expectancy of prostate cancer patients has significantly increased, survivors are nonetheless at risk of developing a second primary cancer (SPC) after curative surgery and radiation therapy. Accordingly, there is increasing interest in predicting the risk of developing an SPC following the primary prostate cancer. Only a few studies have investigated the risk of developing an SPC [6] [7] [8] [9] [10] [11] [12] . In clinical practice, the identification of patients at increased risk of developing an SPC would help to optimize treatment of the primary prostate cancer and to promptly diagnose SPCs.
The objective of this study was to estimate the overall risk of developing SPCs among Korean patients with prostate cancer compared with the general population using a population-based cohort. The relative risk of developing an SPC was also analyzed according to the type of initial treatment along with the impact of developing an SPC on overall survival.
Patients and Methods

Study population and data source
The Korean Central Cancer Registry (KCCR) is a population-based cancer registry in Korea. The Ministry of Health and Welfare initiated a nationwide hospital-based cancer registry in 1980 [13] . Until 1998, the registry collected cancer cases annually from more than 180 hospitals in Korea and it is believed to include 80-90% of all cancer cases in Korea [13] . Since 1999, nationwide, population-based cancer incidence data has been generated systematically, and KCCR data from 1999 to 2002 have been published as "Cancer Incidence in Five Continents Vol. IX", which reflects the completeness and validity of this data set [14] . Cancer diagnoses in the KCCR are coded using the International Classification of Disease for Oncology, 3 rd edition (ICD-O-3). Briefly, cancer registry information includes patient-related data (gender and age at diagnosis), tumor-related data (date of diagnosis; cancer site; morphology; and Surveillance, Epidemiology and End Results [SEER] summary stage), and primary treatment-related data (surgery, radiation therapy, hormonal therapy, and chemotherapy). The detailed contents of the KCCR have been published elsewhere [13] . The National Cancer Center institutional review board approved this study (NCC2015-0136).
In the present study, the cohort was composed of 55,378 men diagnosed with a first primary prostate cancer between 1993 and 2011. To avoid potential confusion, the following patients were excluded from the analysis: patients who presented with a SPC within two months of their first prostate cancer diagnosis (in order to exclude synchronous primary cancers), patients with subsequent prostate cancer after the diagnosis of another primary cancer, and patients for whom only death certificate information was available. subsequent cancer of interest to the baseline incidence rate of that cancer in the general population. SIRs were calculated by dividing the observed number of second cancers by the expected number if the patients in the cohort demonstrated cancer rates equivalent to those for individuals in the general population. A Poisson distribution for the observed cases was used to calculate the 95% CIs. We calculated the person-years at risk from two months after the date of the initial prostate cancer diagnosis to the last known vital status, death, or the end of the study (December 31st, 2011), whichever occurred first. Analyses were stratified by age at prostate cancer diagnosis (early onset <65 years or late onset !65 years), latency period (<60 months, 60−119 months, or !120 months), and period of prostate cancer diagnosis (1993−2000 or 2001−2011) . Age was dichotomized into <65 years and !65 years because this cutoff has commonly been used in demographic and epidemiologic studies, as well as statistics on the elderly (http://kosis.kr/). Results were also analyzed according to the type of initial treatment for prostate cancer. In this registry, the first treatment received within four months after diagnosis of prostate cancer was considered as the primary treatment.
Survival probabilities were calculated according to the presence of an SPC using the KaplanMeier method. Differences between groups were assessed using a log-rank test. All of the statistical tests were two-sided, and a P value <0.05 was considered statistically significant. We used SEER Ã Stat software (seer.cancer.gov/seerstat, version 8.1.5) to compute SIRs and the 95% CIs.
Survival curves were generated and log-rank tests were performed using STATA version 11 (StataCorp LP, College Station, TX).
Results
Patient characteristics and risk of developing an SPC
The median age at diagnosis of prostate cancer was 70 years, and the majority of prostate cancers were diagnosed when the patient was 60−79 years old. Detailed characteristics of the cohort are presented in Table 1 . Among 55,378 patients, 2,578 men (4.7%) developed a SPC during the observation period. Compared with the incidence of cancer in the general population, men with primary prostate cancer had an overall lower risk for developing an SPC [SIR = 0.75; 95% CI, 0.72−0.78)]. The reduction in risk was significant for cancers of the digestive system including those of the esophagus, stomach, rectum, liver, gallbladder, bile duct, and pancreas. There was also a reduced risk of cancers of the larynx, lung, and bronchus (Table 2) .
Conversely, there was a significant increase in the risk of bladder and thyroid cancer. Other cancers of the urinary tract, including those of the kidney, renal pelvis, and ureter, tended to be associated with a higher risk of SPC, although this difference did not reach statistical significance.
Latency
Following a diagnosis of prostate cancer, the risk of bladder cancer as an SPC tended to decrease over time ( Table 2 ). For patients examined within 60 months after diagnosis of prostate cancer, there was an increased risk of bladder cancer [SIR = 1.32]. For patients followed for 60−119 months, the risk decreased to an SIR of 1.11. Finally, the SIR decreased to 0.87 in patients after an even longer follow-up period (!120 months). Similar findings were seen for thyroid cancer.
Age at diagnosis of prostate cancer
To identify the impact of age at diagnosis of prostate cancer on the risk of developing an SPC, patients were stratified by age into an early-onset group (<65 years) and a late-onset group (!65 years). Men in the early-onset group had a relatively higher risk of both bladder (SIR = 2.03) and thyroid cancer (SIR = 2.38) compared with men in the late-onset group (SIR = 1.13 for bladder cancer and 1.84 for thyroid cancer). For tumors of the CNS, the earlyonset group showed a higher risk of subsequent CNS tumors, although this difference was not statistically significant. In contrast, the late-onset group showed a significantly lower risk of developing subsequent CNS tumors (SIR = 0.42).
Period of diagnosis of prostate cancer
The data collected in the KCCR cover around 20 years, during which the techniques used for diagnosis and treatment have changed. Thus, two different periods were considered (1993 −2000 vs. 2001−2011). However, the only significant difference observed between these periods was an increased risk of kidney cancer in patients with prostate cancer in 2001−2011 (Table 2) . This difference may be related to an increased public participation in cancer screening as a result of private programs compared to 1993−2000.
Initial therapy for prostate cancer
To investigate the impact of initial therapy for prostate cancer, differences in the risk of developing an SPC according to initial treatment including surgery, radiation therapy, hormonal therapy, and chemotherapy were explored ( Table 3 ). The risk of SPC was significantly lower than that of the general population with each type of treatment (Table 3) . Conversely, the risk of bladder cancer was consistently higher than that of the general population for all therapeutic options. However, there was no significant association between bladder cancer risk and use of radiation therapy. The risk of thyroid cancer increased only in the group receiving surgery. The overall risk of developing subsequent rectal cancer was lower (SIR = 0.66). In the 3,407 (6.2%) patients who received radiation therapy as initial therapy, there was a modestly higher risk of subsequent rectal cancer (SIR = 1.03) compared to patients undergoing other types of treatment, but this was not statistically significant.
Survival analysis
During the 10-year follow-up period, 1,378 of the 2,578 prostate cancer patients died (data not shown). The 10-year overall survival (OS) rate in patients with SPC was 30.8%, which was lower than the 45.8% 10-year OS rate in those without SPC (log-rank test, p < 0.001; Fig 1A) . This pattern of survival was similar in the both age groups (Fig 1B and 1C) . The 10-year OS rate was 23.1% following diagnosis of an SPC. Patients in the early-onset group had a 10-year OS rate of 41.0%, which was considerably higher than the 20.6% 10-year OS rate observed for late-onset patients (log-rank test, p < 0.001; Fig 2) .
Discussion
In this cohort of prostate cancer patients, we found that there was a reduced overall risk of developing an SPC, which is consistent with previous reports [15] [16] [17] [18] [19] [20] . While the mechanisms responsible for this reduced risk are unclear, they may be related in part to the age of patients at the time of diagnosis of prostate cancer. In contrast, the increased risk of cancers of the urinary tract and thyroid may be explained by the increased use of cancer screening tests, which have a substantial impact on the early detection of malignancy [18] . In the present study, the incidence of SPC was higher during the 60 months following prostate cancer diagnosis than during later periods, especially for bladder and thyroid cancers. A possible relationship between increased screening and the growing number of cancer diagnoses is further supported by our finding that the risk of subsequent In this study, the overall risk of rectal cancer was lower in patients with prostate cancer compared to the general population, with the exception of patients that initially underwent radiation therapy, who tended to have an increased risk of subsequent rectal cancer. In general, exposure to ionizing radiation is considered to be a potential cause of cancer. Regarding the risk of SPC with respect to the treatment method used for prostate cancer, some studies have shown that external beam radiation therapy for prostate cancer does not increase the risk of SPC, including bladder cancer [21, 22] .
From the SEER database, there are a few large studies that include patients diagnosed in the pre-PSA era. Nonetheless, similar results were reported, most notably that men receiving radiotherapy for localized prostate cancer had a 34−100% increase in the risk of bladder cancer compared to patients undergoing radical prostatectomy [23] [24] [25] [26] . It was also observed that men who received external beam radiation therapy had a significantly increased risk of rectal cancer [23, 24, 26] . Based on more recent data from the SEER database, Davis et al. evaluated 441,504 men diagnosed with prostate cancer between 1992 and 2010 and found that prostate cancer survivors had a lower risk of SPC compared to the general population (SIR = 0.60). The incidence of many cancers including leukemia, and those of the oral cavity, pharynx, esophagus, stomach, colon, rectum, liver, gallbladder, and lung were also significantly lower. However, these patients had a greater risk of bladder, kidney, endocrine, and soft tissue cancers [27] . Through analysis of the Cancer of the Prostate Strategic Urologic Research Endeavor (CaP-SURE) database from 1989 to 2003, Boorjian et al. found that 1.5% of bladder cancer patients had previously had prostate cancer, and also demonstrated that radiation therapy increased the risk of bladder cancer [28] . Our findings were similar to those based on studies of the SEER database, in which a lower risk of SPCs of the esophagus, stomach, rectum, liver, gallbladder, and lung were found. In addition, there was an increased risk of bladder and kidney cancer. However, the small number of patients who received radiation therapy could have obscured a significant association between radiation therapy and the risk of bladder cancer.
A recent systematic review reported that a slightly increased risk of radiation-induced SPC was present in several studies, particularly those with longer follow-up. In terms of the different techniques used for radiation therapy, it was not possible to draw any firm conclusions about the impact of intensity modulating radiation therapy and brachytherapy due to insufficient clinical data and the marked heterogeneity of published data [29] .
The present study has some limitations. The KCCR does not record environmental factors, lifestyle factors, comorbidities other than cancers, PSA levels at diagnosis, or Gleason scores. Although the KCCR has collected data on SEER summary stages (localized, regional, and distant) since 2005, this information was not available for our analysis of SPCs, both because of the period of our study and the high rates of missing stage information in 2005-2011. Moreover, because of the small number of patients who received radiation therapy in this cohort, the influence of radiation therapy on subsequent cancer risk could not be investigated fully. Instead, we focused on the common etiologies of carcinogenesis for prostate cancer and SPCs of urinary tract. The present study was also limited by the short follow-up period. The median duration of follow-up was 42 months in the entire study cohort. This duration is relatively short in comparison with the follow-up periods of previous studies. Further studies with longer follow-up periods will be needed to estimate the precise risk of developing SPC and to overcome surveillance bias. Although the present study has limitations, it is the first nationwide analysis to estimate the risk of SPC among prostate cancer patients in Korea and provide basic information on the characteristics and survival rates of SPC patients with primary prostate cancer. Moreover, the present study is based on a population-based registry that covers more than 97% of all recent cancer cases. This allows the results to be generalized to all Korean men. The current findings also suggest that patients who were exposed to radiation for cancer treatment are at a higher risk of developing rectal cancer. Despite inconsistent results in previous studies, this suggests that additional surveillance for early detection of rectal cancer is needed in patients who received radiation therapy for prostate cancer [23, [30] [31] [32] .
Conclusions
The risk of developing an SPC after prostate cancer is lower than in the general population. However, patients with prostate cancer remain at increased risk of some malignancies, particularly bladder and thyroid cancer. The overall risk of rectal cancer is lower compared with the general population, although patients who received radiation therapy had a greater risk of subsequent rectal cancer than the general population. In survival analysis, the presence of an SPC had a negative impact on the OS of prostate cancer patients independently of the patient's age. From a clinical perspective, these results suggest the need for continued cancer surveillance among prostate cancer survivors. 
Author Contributions
